Size-fractionated chlorophyll concentration and phytoplankton absorption spectra were compared for a wide variety of natural communities. We found that, in general, when phytoplankton abundance increases, larger sizeclasses are added incrementally to a background of smaller cells. Natural phytoplankton communities from surface waters were explicitly characterized according to their dominant cell size and taxonomic group, and the relationships between this classification and the spectral shape of the phytoplankton absorption coefficient for the whole assemblage was described. By specifying the cell size of the dominant organism (pico-, ultra-, nano-, or microplankton), more than 80% of the variability in spectral shape of the phytoplankton absorption coefficient from 400 to 700 nm could be explained. This is a result of the strong covariation of the size of dominant organisms and several factors controlling the spectral shape of the phytoplankton absorption coefficient, such as pigment packaging and concentration of accessory pigments. Consequently, the shapes of phytoplankton absorption spectra can be reproduced using a spectral mixing model, where two spectra, representing the normalized phytoplankton absorption coefficients for the smallest and the largest cells found in our data set, are combined additively, using a single parameter to specify the complementary contribution of each. The differences between reproduced and measured spectra contain taxonomic and physiological information. This parameterization provides a simple tool for extracting ecological information from optical measurements. It can also be used in sensitivity analyses to describe the influence of the dominant cell size of phytoplankton on optical properties of surface waters.
Changes in phytoplankton species composition are a central feature of marine ecosystem dynamics. Description and prediction of these changes are important goals to many fields in oceanography. In recent years, great effort has been made to understand how changes in phytoplankton species composition can affect optical properties of surface waters (e.g., Morel 1997; Kahru and Mitchell 1998; Stuart et al. 1998; Stramski et al. 2001) . A major application of these results is the use of in situ optical instruments or remote sensing to observe variability of phytoplankton continuously or synoptically. This is a complicated topic because phytoplankton communities include species differing in size, shape, external and internal structures, and pigment composition. All these characteristics influence their interaction with the light field to some degree, so many factors must be considered to completely describe the optical properties of different communities of phytoplankton. A central goal is thus to determine how much information is required to use ocean color for discriminating different types or communities of phytoplankton (e.g., Garver et al. 1994) . It is hoped that some factors can be ignored and others will covary so that a reduced set of parameters can describe how variability in phytoplankton communities alters the optical properties of surface waters.
Phytoplankton are but one determinant of ocean color. The spectrum of radiance emerging from the ocean depends on the spectral shape of the backscattering coefficient and the absorption coefficients of all optically active components (i.e., water, particles, and dissolved components), as well as on the spectral characteristics and geometrical distribution of the light field (Morel and Prieur 1977) . The bulk backscattering coefficient in the ocean has been attributed principally to components other than phytoplankton, such as submicron particles and bacteria (Stramski and Kiefer 1991) and bubbles (e.g., Zhang et al. 1998 ). Spectral absorption thus will be the main optical property that can be used to distinguish phytoplankton communities, with the exception of the strong backscattering associated with blooms of coccolithophores (Balch et al. 1996) and Trichodesmium (Subramaniam et al. 1999) .
Data from different optical platforms (Sathyendranath et al. 1994; Subramaniam and Carpenter 1994; Morel 1997) , as well as comparisons of absorption spectra from laboratory (Johnsen et al. 1994 ) and field (Kirkpatrick et al. 2000) , suggest that differences in pigment composition can in some cases be used to distinguish different taxonomic groups. In contrast, Garver et al. (1994) showed that the variability found in a large set of particulate absorption spectra from different environments could be explained by only two spectral components: material containing pigments (phytoplank- ton) and material that does not (detritus), inferring that differences in the shape of phytoplankton absorption spectra for different communities of phytoplankton are too small to detect.
The absorption properties of phytoplankton are influenced by intracellular shading (pigment packaging) as well as by pigment composition. Packaging of pigments (see Duysens 1956) , which is strongly related to cell size, has been shown to influence important optical relationships such as that between phytoplankton absorption and chlorophyll concentration (Bricaud et al. 1995; Cleveland 1995; Carder et al. 1999) and those between ratios of upwelling radiance (Carder et al. 1991) and diffuse attenuation coefficients (Mitchell and Holm-Hansen 1991) . Radiative transfer calculations, in which distinct components of a plankton community are modeled (Mobley and Stramski 1997; Stramski et al. 2001 ), have also predicted that different sizes of phytoplankton species can produce changes in the relationship between ocean color and the amount of chlorophyll because of differences in packaging (see also Ciotti et al. 1999; Sathyendranath et al. 2001) .
When large sets of data from laboratory and field are integrated to describe the changes in optical properties of phytoplankton with increasing chlorophyll concentration, it is observed that, on average, the changes in optical properties are consistent with both an increase of phytoplankton cell size and a decrease in accessory pigmentation (cf. Yentsch and Phinney 1989; Bricaud et al. 1995) . These consistent trends of pigment packaging and the concentration of accessory pigments as a function of trophic status can explain prominent features in robust empirical relationships between optical properties of surface waters and chlorophyll concentration (Ciotti et al. 1999) . Once these general trends are established, a possible path toward discriminating natural communities of phytoplankton bio-optically is to quantify deviations from these general relationships in terms of ecologically relevant optically based parameters. The approach can be developed and tested by measuring absorption spectra for phytoplankton communities that can be discriminated on the basis of taxonomic composition and cell size, then describing the effects of these different communities on relationships between optical properties.
Here, we analyze near-surface bio-optical data from a wide variety of natural situations to determine the degree to which different communities of phytoplankton, explicitly discriminated in terms of cell size and dominant taxa, quantitatively affect the shape of phytoplankton absorption spectra. The goal is to develop a parameterization of phytoplankton absorption that provides a simple tool to extract ecological information from optical measurements.
Methods
Approach-Bio-optical characteristics of surface samples were measured in three different regions: waters off the coast of Oregon, shelf waters of the southeastern Bering Sea, and waters of Bedford Basin (Nova Scotia, Canada), the latter being sampled on several occasions (Table 1) . Surface samples were collected with a clean bucket or a Niskin bottle closed just below the surface. The sampling design is fully described by Ciotti (1999) . A simple classification, based on size and dominant taxa, was developed to provide a quantitative context for describing variability of phytoplankton communities in these waters. Phytoplankton were classified by size (modified from Sieburth et al. 1978) in two steps (see details in Fig. 1): (1) the ''dominant size fraction'' was determined using physical separation of chlorophyll into size fractions; (2) using microscopic or flow cytometric analysis of the dominant size fraction, ''dominant cell size'' was assigned to the dominant organism present in this fraction (i.e., the organism or group with the highest product of cell number and cell area in cross section). When chlorophyll size fractionation was not available, the dominant size fraction was established through microscopic analysis, sizing, or both and enumeration of particles using a Coulter Counter. When the dominant cells are in chains or colonies, the dominant cell size can be smaller than the dominant size fraction.
Pigments-Chlorophyll a (Chl a, mg m Ϫ3 ), corrected for phaeopigments, was determined using a calibrated Turner Designs 10-005R fluorometer. Samples collected on GF/F filters were extracted at Ϫ10ЊC or below, for at least 24 h in precooled 90% acetone : DMSO solution (6 : 4 by volume, Shoaf and Lium 1976) . Reported values are averages from triplicates. Chlorophyll concentration was measured fluorometrically in each size range. The dominant size fraction was defined as the one containing more than 50% of the total chlorophyll when only two ranges were present, or the one containing more than 40% of the total chlorophyll when more than two ranges were present. Samples that did not meet either criterion were excluded from the analysis. (C) The dominant organism within the dominant size fraction was identified through either microscopic or flow cytometric analyses. That is, only the cells retained in the dominant size fraction were counted and sized. The dominant organism or group within the designated dominant size fraction was determined by using the product of cell number and cross-sectional area of the cells.
Particulate absorption-Samples were concentrated onto GF/F filters and analyzed immediately after filtration or preserved in liquid nitrogen for a maximum of 2 months until analysis. Absorption of particulate material was determined following the method described by Mitchell and Kiefer (1983) . Two different Cary 3 dual-beam spectrophotometers were used. For all samples, except those from the Oregon cruise, a pathlength amplification correction (beta) was determined using monospecific cultures (Mitchell 1990) . For the Oregon cruise samples (courtesy of C. Roesler), beta was determined as in Roesler (1998) . Sample filters were scanned against a blank filter taken from the same lot. Blank and sample filters were then extracted with pure methanol (Kishino et al. 1985) and rinsed with 100 ml of 0.2 m filtered artificial seawater. Each scan was smoothed using a 5-nm running average and corrected for differential scattering (setting the mean absorption between 740 and 750 nm to zero, but see Tassan et al. 2000) , the volume filtered, and area of the filter. Phytoplankton absorption was computed as the difference between scans before (total particulate) and after (detritus) methanol and water extraction. Reported values are averages from duplicates or triplicates.
Size-fractionated Chl a and particulate absorption-Filtrates from 20-, 5-, and 2-m Poretics or Nuclepore polycarbonate filters (47 mm diameter) were concentrated onto GF/F glass fiber filters (nominal pore size 0.7 m). Filtration using polycarbonate filters was driven by gravity or very low pressure (less than ϳ25 mm Hg), and several filters were used for each fraction to avoid clogging (maximum volume 400-500 ml filter Ϫ1 ). The concentration of Chl a and particulate absorption in each size fraction was determined as follows: total refers to whole sample; microplankton (cells Ͼ20 m) refers to total minus the 20-m filtrate; nanoplankton (cells between 5 and 20 m) refers to the 20-m filtrate minus the 5-m filtrate; ultraplankton (cells between 2 and 5 m) refers to the 5-m filtrate minus the 2-m filtrate; and picoplankton (cells Ͻ2 m) refers to the 2-m filtrate. Reported values are averages from triplicates.
Spectral shape of phytoplankton absorption-For comparison among the different communities, phytoplankton absorption spectra (a ph (), m Ϫ1 ) were normalized using the mean absorption (͗a ph ͘, m Ϫ1 ) computed between 400 and 700 nm,
ph ph 301 ϭ400
where ⌬ ϭ 1 nm. For comparison with previous work, the phytoplankton absorption spectra were also normalized to the sum of chlorophyll plus phaeopigment concentrations (mg m Ϫ3 ) to yield pigment-specific phytoplankton absorption (a (), m 2 mg
Ϫ1
). * ph Flow cytometric analyses-Samples from the Oregon cruise were analyzed with a FACScan flow cytometer (Becton Dickinson) equipped with a 15-mW air-cooled argon laser (488 nm). For all detected particles, forward light scatter, 90-degree light scatter, phycoerythrin fluorescence emission (560-590 nm), and chlorophyll fluorescence emission (Ͼ650 nm) were processed (data courtesy of T. Cucci, Bigelow Laboratory). The volume of the sample analyzed was estimated by the addition of a known concentration of fluorescent microspheres (10 m diameter) to each sample immediately before analysis. Samples were run at ϳ10-12 l min Ϫ1 . Different groups in each sample were identified by using a combination of forward light scattering and red and orange fluorescence (Yentsch et al. 1983) .
Microscopic analyses-An inverted microscope was used to examine samples fixed with a solution (1% final concentration) of 25 g paraformaldehyde dissolved in 100 ml of hot (80ЊC) 25% glutaraldehyde, clarified with few drops of 1 N NaOH. The cells in the sample were concentrated using sedimentation chambers and scanned using ϫ100 and ϫ400 magnification. The lower limit of detection was about 3 m. Only cells within the dominant Chl a size fraction (see Fig.  1 ) were counted and sized, and the dominant genera were chosen by computing the product of cell number and an average cross-sectional area for each group identified in that fraction. It is important to note that the reported cell sizes from the microscopic analyses tended to underestimate the actual sizes because of fixative effects and that the reduction in size depends on the organism and storage time. Here however, we cannot assess these changes. Thus, as a first ap- Table 2 . Summary of the distinct communities of phytoplankton characterized in the combined data sets. Name describes dominant cell size range (P is pico, U is ultra, N is nano, and M is micro) and species or groups of the dominant organism. na, not available. For details on cruises, refer to proximation, we will consider that fixative effects did not interfere with our classification, but the results deriving from samples having cell sizes close to the upper or lower limit of a given size fraction must be interpreted with caution.
Particle size-Samples from the summer of 1993 in Bedford Basin were analyzed with a Coulter Multisizer II Particle Analyzer equipped with a 75-m aperture. Lower and upper limits of detection were 3 and 50 m, respectively.
Results
We gathered 140 surface-layer samples of phytoplankton absorption, of which 136 could be classified following our criteria (see Fig. 1 ). A summary of the classification is presented in Table 2 .
Chl a size fractions-We observed that the relative contributions of the four different size classes to the total Chl a varied among the different sampling regimes (see Table 1 for nomenclature). During ORE94, when Chl a decreased from as high as 20.7 mg m Ϫ3 near the coast to Ͻ 0.3 mg m Ϫ3 offshore, picoplankton Chl a remained approximately constant and the variability in total Chl a was explained by changes in the larger size classes ( Fig. 2A) . Samples from shelf waters of the Bering Sea (Fig. 2B) showed that the picoplankton fraction tended to increase slightly with total Chl a, as did the ultraplankton and nanoplankton fractions. The range of surface Chl a was 0.8 to 5.5 mg m Ϫ3 . In Bedford Basin during 3 d in August 1996, the dominant fraction was the ultraplankton (Fig. 2C) . Chlorophyll in the picoplankton fraction was about one order of magnitude higher than in Oregon and in the Bering Sea, showing at most a weak tendency to increase with total Chl a, which varied between 3.9 and 11.7 mg m Ϫ3 . During the time series from July to December 1996 (Fig. 2D) , the trend was the same as during the Oregon cruise; that is, picoplankton Chl a remained approximately constant, and the variability in total Chl a (from 1.5 to 32 mg m
Ϫ3
) was explained by increases in the larger fractions of the total Chl a.
When Chl a size fractionations were not available, the dominant size fraction was chosen with the help of a microscope (BBS92 and the initial samples from BBTS96) and a Coulter Counter (BBS93). In the specific case of BS97, a large number of colonies of what was believed to be the prymnesiophyte Phaeocystis were observed in fresh samples from surface waters. Pigment determined by high-performance liquid chromatography analysis collected concurrently (J. P. Parkhill pers. comm.) showed high ratios of 19-hexanoyloxyfucoxanthin to Chl a and also Chl c 3 , consistent with the presence of prymnesiophytes (Jeffrey and Wright 1994) . We therefore assumed that this community was dominated by a Phaeocystis species in the ultraplankton size class (e.g., P. pouchetti have cells between 4 and 8 m in length, Tomas 1997) .
Spectra of phytoplankton absorption-For each region sampled, mean-normalized absorption spectra (see Eq. 1) for whole samples from surface waters varied in shape according to the dominant size fraction for Chl a (Figs. 3A, 4) or dominant cell size from microscopy ( Fig. 5) . As expected for normalized spectra influenced by pigment packaging, spectra for samples dominated by microplankton were relatively flat, and smaller size classes (e.g., picoplankton in Fig.  3A) showed stronger spectral variation, such as the peak near 440 nm.
Differences among phytoplankton absorption spectra classified according to dominant Chl a size fraction were ini- tially tested with a nonparametric Kruskal-Wallis one-way analysis of variance. Measurements of normalized absorption at individual wavelengths were compared. Results for 440 nm are representative of those for most wavelengths between 400 and 700 nm. For ORE94 (Fig. 3A) , normalized phytoplankton absorption at 440 nm from spectra grouped as picoplankton (n ϭ 16), ultraplankton (n ϭ 4), and microplankton (n ϭ 15) were significantly different at the 0.05 level. During BS96 (Fig. 4A) , however, the normalized phytoplankton absorption spectra classified as ultraplankton (n ϭ 9) were not significantly different from spectra classified as microplankton based on size fractionation (n ϭ 8); the latter were composed of chain-forming diatoms with small (nano) cells. During 1997 in the Bering Sea, only one group was sampled (Fig. 4B) , so variability between spectra was not assessed.
Spectra from Bedford Basin were grouped by dominant cell size and averaged (Fig. 5) . In general, the trends of normalized absorption with dominant cell size were consistent with those for dominant Chl a size fraction (i.e., larger sizes had flatter spectra). Statistical comparison of these spectra is incorporated in the analyses presented below.
Samples collected during ORE94 were also physically separated into the same size fractions as Chl a prior to analysis of particulate absorption (Fig. 3B) . We observed the same trends comparing Fig. 3A and 3B ; nonetheless, the variability within each size fraction was higher for the samples physically separated. This is probably a result of errors associated with the filter pad method because it is very sensitive to the amount of material concentrated on the filters (Mitchell 1990) , and size-fractionated samples have less pigment than whole samples. In addition, spectra as in Fig. 3B , calculated by difference, are subject to propagation of error. Additional size fractionations were conducted on six samples from offshore, using filters with 1-m pore diameter. The intention was to separate the influence of Prochlorococcus from that of Synechococcus, guided by the observations on fresh samples analyzed in real time by flow cytometry. Differences between these Ͻ1-and Ͻ2-m fractions (Fig. 3C) could be attributed to relative contributions of these two groups and, thus, their respective sizes and pigment composition.
Influence of the different communities on the spectral shape of phytoplankton absorption-Combining all the sampling programs, 16 communities were characterized according to dominant Chl a size fraction, dominant cell size, and genus or taxonomic group of the dominant organisms ( Table  2 ). The name given for each community specifies the dominant cell size and taxonomic group, and groups with the same names were numbered sequentially in order of sampling dates.
By grouping all the communities according to the cell size range of the dominant organism, we illustrate the relative influence of size on the shape of the absorption spectrum (compare Fig. 6A-D ; means are presented in Fig. 6E ). It is important to remember, however, that this classification refers to ranges of size, and there is still a degree of variability within each range associated with changes in size. For example, the nano-chain-forming diatoms found in Bedford Basin in the summer (N-cfd2) and in the Bering Sea (Ncfd1) were close to the lower limit attributed to this size range (i.e., 5 m), whereas the nano-dinoflagellates found in 1993 during the red tide in Bedford Basin (N-din) were close to the upper limit of this range (i.e., 20 m). The distinctions between the spectra classified as ultra- (Fig. 6B ) and those classified as nanoplankton (Fig. 6C) were not strong, except in the samples collected in the Bering Sea in 1997 (where Phaeocystis was present), which had a distinct peak centered around 465 nm (Fig. 6B) .
Within each size range, there was variability due to differences in pigment composition related to taxonomy. Samples dominated by ultraflagellates during the Oregon cruise (U-flag2, Fig. 6B ) showed a shoulder centered around 545 nm that was associated with high numbers of Synechococcus (flow cytometer measured 1.59 ϫ 10 5 cells ml Ϫ1 ) and that probably resulted from a high concentration of phycoerythrin (see Moore et al. 1995; Morel 1997 ). In the nanoplankton fraction (Fig. 6C) , peaks centered around 412 nm were present when Skeletonema spp. dominated. This was more noticeable during the summer in Bedford Basin. In the microplankton fraction (Fig. 6D) , differences between diatomdominated and dinoflagellate-dominated spectra were very small in the visible wavelengths. It is acknowledged that pigment packaging and concentration (Chl a and accessory pigments) can also vary with the physiological state of the community, but overall, the results illustrated well-known Table 2 , where information on sampling and classification is provided. trends ( Fig. 6E) : as the size of the dominant organism increases, the spectra flatten consistently with the increase in pigment packaging (Bricaud et al. 1995) .
For comparison with previous work, absorption spectra of the 16 communities were also normalized to the concentration of Chl a plus phaeopigments (a (), Fig. 7) . It is note-* ph worthy that, although the trends observed in Fig. 6 were repeated, the variability within each cell size range was somewhat higher when reported as a (). This might be * ph attributed to a number of causes, including real differences in packaging and the concentration of accessory pigments. Biases in the measurement of Chl a plus phaeopigments due to accessory pigments can lead to either under-or overestimation of a (). Different degrees of activity of chloro-* ph phyllases (especially where diatoms dominate the community, Jeffrey and Hallegraeff 1987) can also produce biases associated with the longer time required for concentrating samples for particulate absorption samples, leading to more degradation of pigment for absorption vs. Chl a measurements (e.g., Stramski 1990) . Correction for pathlength amplification seems not to be a factor, because the spectra from Oregon, which were calculated using a different method (Roesler 1998) , are consistent with the others.
Quantification of the effects of cell size-Inspection of Figs. 6, 7 suggests that, despite the potential influence of the different accessory pigments on the phytoplankton absorption coefficient, a metric descriptor of the size of the dominant organism could effectively explain the variability in the shape of phytoplankton absorption spectra for surface assemblages. The dominant cell size range can be used as a proxy for many changes acting together, particularly pigment packaging and the concentration and composition of accessory pigments (Yentsch and Phinney 1989; Stuart et al. 1998; Ciotti et al. 1999) . Therefore, when we refer to the effects of cell size, we are actually referring to the combined effects of a group of variables.
To evaluate the degree to which the cell size range of the dominant phytoplankton can explain the shape of the absorption spectrum, we conducted regression analyses using qualitative, categorical variables (Mendenhall and Sincich 1993) to identify the four size ranges. Like analysis of variance, regression with qualitative variables compares variability within and between groups, estimating how much of the variability in the dependent variable (in this case, normalized phytoplankton absorption) can be explained by the independent variable (dominant cell size). For each of 301 wavelengths between 400 and 700 nm, the following linear model was used.
2) The dependent variable, a ͗ph͘ () (i.e., a ph ()/͗a ph ͘, see Eq. 1), is normalized phytoplankton absorption at wavelength for each one of the 16 communities (Fig. 6) . The qualitative (also called ''dummy'') variables for each normalized spectrum are x 1 , x 2 , and x 3 , which were set according to the corresponding dominant cell size as follows. For ultraplankton, x ϭ 1, x ϭ 0, and x ϭ 0. For nanoplankton, x ϭ 0, x ϭ 1, and x ϭ 0. For microplankton, x ϭ 0, x ϭ 0, and x ϭ 1. The parameters ␤ 0 () to ␤ 3 () are estimated by the linear regressions. ␤ 0 () will be the estimated absorption for picoplankton (i.e., a ͗ph͘ () ϭ ␤ 0 () when x 1 , x 2 , and x 3 ϭ 0), ␤ 0 () ϩ ␤ 1 () is the estimated absorption for ultraplankton, ␤ 0 () ϩ ␤ 2 () is the estimated absorption for nanoplankton, and ␤ 0 () ϩ ␤ 3 () is the estimated absorption for microplankton. Note that ␤ 0 () represents the intercept of the regression, so the model assumes that the spectral shape for each other fraction can be described as a linear combination of the picoplankton spectrum and another shape. By running the analysis for the wavelengths between 400 and 700 nm, we generated the expected spectral shapes for the four size classes. These are equivalent to the average spectra for each group (Fig. 6E) .
The initial variance among the 16 normalized spectra is shown in Fig. 8A , along with the coefficient of determination (r 2 ) at each wavelength (Fig. 8B) , representing the variance in the absorption coefficient explained by the model at each wavelength. Note that the model explained more than 80% of the variability in most wavelengths. In other words, by knowing the cell size range of the dominant organism in the community, one can predict the shape of phytoplankton absorption spectra, accounting for more than 80% of the variance. Thus, these results strongly suggest that the dominant cell size in the community can be used to explain the variability of the absorption coefficient for distinct phytoplankton communities. Note that values for r 2 are relatively low for wavelengths around 500 nm because the original normalized spectra varied little in that range (see Fig. 6E ).
Estimation of a ''size'' parameter from the phytoplankton absorption coefficient-The regular variation of spectral shapes from picoplankton to microplankton (Fig. 6E) and the results of the previous section (Fig. 8) suggest that the normalized absorption spectrum for each of 16 phytoplankton communities could be reconstructed with a linear combination of two spectra representing complementary contributions of the smallest and largest cell sizes found in our data set, so that
ā ͗pico͘ () and ā ͗micro͘ () are the ''basis vectors'' or shapes corresponding to the normalized absorption spectra for the smallest and largest cells (see Table 3 ), and the size parameter S ͗f͘ is a magnitude constrained to vary between zero and 1.0 because we are considering the basis vectors to be the two possible extremes in size. Note that ā ͗pico͘ () is a spectrum for the average of all samples dominated by Prochlorococcus; thus, it differs from the spectral shape for picoplankton described in the previous analysis, which used the average spectrum for all samples dominated by picoplankton, including Prochlorococcus and Synechococcus. For ā ͗micro͘ () we used the average of all the samples dominated by microplankton-sized organisms. The size parameter is estimated as the value of S ͗f͘ , which minimizes the sum of squared differences between a measured normalized spectrum, a ͗ph͘ (), and the estimate, â ͗ph͘ (), for the 301 wavelengths from 400 to 700 nm. A least-squares routine (linear regression subjected to constraints on the value of S ͗f͘ , see Graham 1981 ) is used to fit any observed normalized phytoplankton absorption spectrum to Eq. 3 by adjusting the value of S ͗f͘ between zero and 1.0, yielding (1) an estimate of the size parameter for the spectrum and (2) a reconstructed spectrum consistent with the size parameter. Estimated values of S ͗f͘ for our 16 communities are presented in Table 4 , and reconstructed spectra are compared with original spectra in Fig. 9 . The approach can be used on any normalized absorption spectrum: tests on a number of published spectra showed that each could be reproduced well as a linear combination of the two basis vectors in Table 3 , specified by size parameter S ͗f͘ (data not shown).
Discussion
It is already well established that trends in the composition of phytoplankton communities can be related to local trophic status (Margalef 1978; Kiørboe 1993) . In oligotrophic environments, phytoplankton biomass is dominated by prokaryotic cells (Chisholm 1992) , which are small and have characteristic pigmentation (Goericke and Repeta 1992; Moore et al. 1995) . Only under higher nutrient conditions (i.e., eutrophic environments) can larger cells compete for nutrients, grow, and complement the small size groups (Malone 1980; Yentsch and Phinney 1989; Chisholm 1992) . These larger cells will belong to distinct groups of species depending on both environmental conditions and on the ability of these species to exploit light and nutrients effectively (cf. Margalef 1978) . Our goal here was to illustrate and justify, with a diverse variety of field examples, that despite the physiological and taxonomic variability associated with changes in community structure of phytoplankton, variation in the spectral shape of their bulk absorption coefficient can be described by simple relationships, representing covarying changes in a suite of factors that influence the optical properties of phytoplankton. This covariation is well described by changes in dominant cell size.
The concept of increasing phytoplankton biomass by the addition of groups of larger species to a background of smaller species, proposed by Yentsch and Phinney (1989) , appears to hold for natural communities from coastal waters off Oregon ( Fig. 2A) and over the seasonal cycle in Bedford Basin (Fig. 2D) . Some increase in the background of small cells with Chl a was observed in the Bering Sea 1996 cruise (Fig. 2B) , but in this case, the data represented mainly two fixed stations (Ciotti 1999) . Variability during the 3-d study in Bedford Basin (Fig. 2C) was an exception to the model of a constant background state, showing a substantial increase in the standing stock (Chl a) of the picoplankton fraction concomitant with total Chl a. This could be related to different controls on phytoplankton community structure in this anthropogenically altered environment where enrichment with nutrients is not necessarily associated with enhanced turbulence (cf. Margalef 1978; Kiørboe 1993) . However, it is important to remember that these data represent changes in the Basin during 3 d only. When the longer timeseries for size-fractionated Chl a is analyzed (Fig. 2D) , the expected trend is observed, with the fall-bloom phytoplankton community dominated by larger cells.
It appears that the Yentsch and Phinney (1989) approach is appropriate for comparing effects of different communities of phytoplankton on the variability of optical properties in many parts of the ocean. However, the generalization may not hold for reduced time and spatial scales, for which changes are associated with patchiness or advection. In other words, generalizations concerning increases in phytoplankton cell size with Chl a depend on the scales of variability considered.
Despite differences in taxonomic composition and relative proportions of Chl a size fractions observed during the different sampling programs, the shape of the absorption spec- Table 4 . Results from a linear decomposition of the phytoplankton absorption spectra for the different communities (see Table 2 ) using a linear regression subjected to constraints (Eq. 3). The size factor S ͗f͘ is estimated and varies from 1.0 to zero for small and large cell sizes, respectively; r 2 is the coefficient of determination between observed and estimated spectra for 301 wavelengths from 400 to 700 nm. nr, not relevant. The linear regression uses two basis vectors representing the minimum and maximum cell size found in our data set (Table 3 ). For reference, ͗a ͘, the average a () for Fig. 9 . Comparison of measured and recomposed (Eq. 3) spectra of normalized phytoplankton absorption. The recomposition uses a statistically determined size factor, S ͗f͘ , and two basis vectors, representing the average for the smallest and largest cell sizes found in our data set. trum for whole phytoplankton assemblages seems to vary systematically with the cell size range of the dominant organism (Figs. 6, 7) . The comparison of the 16 communities characterized in this study indicated that, when size range was specified (i.e., pico-, ultra-, nano-, and microplankton), Ͼ80% of the variability in the shape of absorption spectra between 400 and 700 nm could be explained (Fig. 8B) . The systematic variability observed can be related to both pigment packaging and the composition of accessory pigments.
Pigment packaging (or self-shading) is a well-documented source of variability for phytoplankton absorption and is a positive function of both cell size and intracellular concentration of pigments (Bricaud and Morel 1986; Sathyendranath et al. 1987) . For monospecific laboratory cultures grown in nutrient-replete media, cell diameter (d) correlates negatively with the concentration of intracellular pigments (c i ). This has been described as a strategy to minimize self-shading (see Agusti 1991) , and a similar correlation is expected in the field. In natural environments, however, cell size can be positively correlated to the availability of nutrients (Yentsch and Phinney 1989) , which in turn can be positively correlated with c i (Geider et al. 1998) . Pigment composition can also be related to nutrient availability (Claustre 1994) due to the competition among different taxa (i.e., prokaryotes are more important in oligotrophic environments, Chisholm 1992) and also to physiological responses, as the concentration of accessory pigments, including photoprotective, tend to be higher in low-nutrient waters (Allali et al. 1997; Stuart et al. 1998 ; but see Trees et al. 2000) . In other words, a suite of factors that controls the spectral shape of the absorption of phytoplankton shows a strong covariation with the size range of the dominant organism in the community. Because of that, a metric related to dominant cell size can be used as a parameter to explain a large portion of the variability observed in the spectral shape of the phytoplank-ton absorption as influenced by hydrographic regime and nutrients.
Residual variability is expected to derive mainly from changes in pigment composition and intracellular concentration, which do not covary with cell size, and from variability in cell size within the predefined size ranges (see Fig. 3C ). Consequently, the residuals contain some taxonomic and physiological information. Most of the residual variability was observed in narrow spectral bands (e.g., near 465 nm in Fig. 9B ) that could be related to different accessory pigments (Bidigare et al. 1990; Hoepffner and Sathyendranath 1991) . Very distinct peaks were observed in the ultraviolet region (not shown in the results) when both nano-and micro-dinoflagellates dominated the community, probably related to the presence of mycosporine-like amino acids (MAAs). Nevertheless, MAAs are not exclusive to dinoflagellates (e.g., Richardson et al. 1996) , and peaks associated with MAAs in dinoflagellates can also be present or absent, depending on nutrient availability (Carreto et al. 1989) .
Although simple parameterizations have already been proposed regarding changes in the absorption spectra of phytoplankton with Chl a (Bricaud et al. 1995; Lee et al. 1998; Sathyendranath et al. 2001) , the parameterization proposed here has an explicit interpretation in ecological terms and no direct dependence on Chl a. The shapes of measured phytoplankton absorption spectra for the 16 different communities could be reproduced well (r 2 Ͼ 0.95; see Fig. 9 ) with a size factor, S ͗f͘ , describing the complementary contributions of two basis vectors (Table 4) representing the extrema in spectral shapes (from the smallest and largest dominant cell size observed). It is important to note that the shapes of the two extreme spectra are affected by the pathlength correction (or beta) factor applied in the calculation of particulate absorption. We have made the effort to concentrate the samples for particulate absorption to ensure a smaller range of beta per sample. Despite a number of recent works with conflicting results regarding the dependence of beta on species composition and wavelength (Moore et al. 1995; Roesler 1998; Tassan and Ferrari 1998) , the overall conclusion of our results remain the same; that is, two extreme spectral shapes can be assigned to represent the smallest and largest cell sizes possible. The final spectra used in this approach can be easily changed as improvements in methodology reduce uncertainty in the measurement of a ph ().
Our description of phytoplankton absorption as a function of a size parameter describing the relative contributions of two spectral shapes could be implemented in inverse models for retrieving spectral absorption from ocean color. In inverse modeling techniques (e.g., Roesler and Perry 1995; Garver and Siegel 1997) , ocean color spectra are fit to theoretical expressions that relate ocean color to inherent optical properties (IOPs), that is, absorption and backscattering. The values for the bulk IOPs, by definition, can be computed as the sum of the absorption or backscattering by all the optical components (i.e., water, particles, and dissolved material). These are represented by known values (e.g., absorption and backscattering by water) and by spectral shapes and magnitudes of the unknown components. The spectral shape for phytoplankton absorption is usually represented by a ; thus, * ph the retrieved magnitude is chlorophyll plus phaeopigments.
In the case of the parameterization of phytoplankton absorption suggested in this work, two basis vectors could be used and the retrieved magnitudes would be S ͗f͘ and ͗a ph ͘ (i.e., the size parameter and the average value of phytoplankton absorption from 400 to 700 nm). Logically, the same approach can be done if one desires to use two extreme vectors for a () and estimate pigment concentration instead (see Table  * ph 3).
Because the full natural range of variability in phytoplankton absorption can be effectively described with combinations S ͗f͘ and ͗a ph ͘, covarying influences of phytoplankton communities on optical properties of surface waters can be studied by varying the size parameter and average absorption in sensitivity analyses. These studies would complement inverse models.
More work is needed to evaluate the feasibility of estimating S ͗f͘ from remote sensing. Explicit consideration of spectral backscattering will be helpful. It also is important to establish how well the parameter S ͗f͘ can be related to general features of phytoplankton communities or their ecology. Our results so far suggest a robust relationship between S ͗f͘ and the cell size of the dominant organism. The retrieval of S ͗f͘ from ocean color will thus have several applications in oceanography because many biogeochemical processes are directly related to the distribution of phytoplankton size classes in a given environment or time (Longhurst 1998) .
